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THE ISCREASED E ? P W S I S  c n  f u e l  c o n s e r v a t i o n  has 
s t i n u l a t e d  a renewed i n t e r e s t  i n  t u r b o p r o p  
powered a i r c r a f t .  S t u d i e s  by LASA and i n d u s t r y  
or a i r c r a f t  d e s i g n e d  f o r  ?!ach 0 . 8  c r u i s e  above  
9.1;: km (30 000 f t )  a l t i t u d e  i n d i c a t e  s i g n i f i -  
c a n t  'c lock f u e l  savi-g- ;  and d i r e c t  o p e r a t i n g  
c c s t  r e d u c t i c n s  of t s r b o ? r o F  porcered a i r c r a f t  
o v e r  c o n ? a r a b l e  t u r b o f a n  ?o:.rsred a i r c r a f t .  
S p e c i f i c  s t u d i e s  and s u n a r i s s  a r e  g i v e n  i n  
~ e f s .  (I)* t o  ( 3 4 ) .  .I r e c e n t  s t a t u s  r e p o r t  on 
NASA's Advanced TurboTrc?  P r c j e c t ,  which i s  
p a r t  o f  i t s  A i r c r a f t  Energy E f f i c i e n c y  Program, 
i s  d i s c u s s e d  i n  R e f .  ( 2 ) .  Eigh s p e e d  turbo-  
prop  p r o p u l s i o n  h a s  been  s t u d i e d  f o r  a v a r i e t y  
of s u S s o n i c  a i r c r a f t  a p F i i c a t i o - s ,  bo th  c i v i l  
acd  m i l i t a r y .  The magni tude  of  t h e  f u e l  sav-  
i n g s  cf t u r b o p r o p  powered a i r c r a f t  o v e r  com- 
? a r a b l e  t e c h n o l o g y  t u r b o f a n  poi;ered a i r c r a f t  
i s  g e n e r a l l y  i n f l u e n c e d  by  a i r c r a f t  c r u i s e  
s p e e d  and o p e r a t i n g  r a n g e .  This i s  shov.3 i n  
t h e  t rend c u r v e s  of  b l o c k  f u e l  s a v i n g s  v e r s u s  
o p e r a z i n g  r a n g e  sho.m ir. F i g .  1 from Ref .  ( 2 ) .  
F u e l  s a v i n g s  f rom 15 tc 39': zt Xac?. 3 . 8  may be  
r e a l i z e d  by t h e  use  05 a? acvanced  h igh-speed  
t u r b o p r o p .  The Zlach C .  7 c r u i s e  a i r c r a f t  show 
l a r g e r  f u e l  s a v i n g s  t h a n  t h o s e  designec!  f o r  
Xach 0 .8  s i n c e  t h e  a d v a n t a g e  of  t h e  h i g h  s p e e d  
t u r b o p r o p  p r o p u l s i o n  s y s  t en  o v e r  t h e  t u r b o f a n  
i n c r e a s e s  a s  Zlach number i s  d s c r e a s e d .  F u e l  
s a v i n g s  of  o v e r  20% nay  be  r e a l i z e d  a t  Mach 0 . 7  
f o r  r a n g e s  t y p i c a l  of b u s i n e s s  j e t  a i r c r a f t .  
The f u e l  s a v i n g s  a l s c  i n c r e a s e s  f o r  s h o r t e r  
s t a g e  l e n g t h  o p e r a t i o n  b e c a u s e  a l a r g e r  p o r t i o n  
o f  t h e  b l o c k  time i s  s p e n t  a t  che  lower  s p e e d s  
of  c l i m b  and d e s c e n t  where  r u r b o p r o p  p r o p u l s i o n  
o f f e r s  even  l a r g e r  a d v a n t a g e s .  These p r o j e c t e d  
a i r c r a f t  f u e l  s a v i n g s  w i t h  t h e  h i g h  s p e e d  t u r -  
boprop  have  a s i g n i f i c a n t  i n p a c t  on t h e  a i r -  
c r a f t  d i r e c t  o p e r a t i n g  c o s t .  S i n c e  f u e l  c o s t s  
a b o u t  40% o f  t h e  d i r e c t  o p e r a t i n g  c o s t  (DOC) 
o f  medium-to-short  h a u l  commerc ia l  a i r c r a f t ,  a 
20 t o  25% f u e l  s a v i n g s  r e s u l t s  i n  a n  8 t o  10% 
l o w e r  DOC ( 2 ) .  F u e l  s a v i n g s  a r e  g r e a t e r  ( 2 2 )  
f o r  l o n g e r  r a n g e  a i r c r a f t  and s o  t h e  DOC sav- 
i n g s  are g r s a t e r .  Very l o n g  r a n g e  a i r c r a f t  c a n  
t a k e  a d v a n t a g e  o f  r e d u c e d  f u e l  consumpt ion  t o  
r e d u c e  a i r c r a f t  w e i g h t  a2d s i z e  which g i v e s  
a d d i t i o n a l  DOC r e d u c t i o n  as w e l l  a s  r e d u c i n g  
a c q u i s i t i o n  c o s t  and  l o w e r  l i f e  c y c l e  c o s t .  
The v a r i a t i o n  o f  DOC s a v i n g s  w i t h  f u e l  c o s t s  
f rom R e f .  (16)  is  shown i n  F i g .  2 .  The c u r v e s  
a r e  b a s e d  on e a r l i e r  s t u d i e s  w i t h  b o t h  1985 
t e c h n o l o g y  a s s u m p t i o n s  and a l s o  1976 t e c h n o l -  
ogy ( 1 6 , 2 3 - 2 4 ) .  Boeing and  Lockheed examined 
1985 t e c h n o l o g y  leve l  t u r b o p r o p  e n g i n e s  v e r s u s  
e q u i v a l e n t  t e c h n o l o g y  l eve l  t u r b o f a n  e n g i n e s .  
The Boeing a i r c r a f t  d e s i g n  w a s  b a s e d  on  1976 
t e c h n o l o g y  l eve l s  w h i l e  Lockheed u s e d  1985 
t e c h n o l o g y  leve ls .  Douglas  used  t h e  DC9-30 as 
a b a s i s  of  compar ison  and compared b o t h  c u r -  
r e n t  t e c h n o l o g y  t u r b o p r o p  e n g i n e s  and 1985 
t e c h n o l o g y  l e v 2 1  e n g i n e s  t o  t h e  c u r r e n t  DC9-30 
c o n f i g u r a t i o n  u s i n g  l o w - b y p a s s - r a t i o  JT8D t u r -  
bofan  e n g i n e s .  A s  c a n  b e  s e e n ,  a wide  s p r e a d  
i n  DOC s a v i n g s  was a c h i e v e d ,  r e f l e c t i n g  the 
v a r i o u s  a s s u m p t i o n s  of  p r o p e l l e r  e f f i c i e n c y ,  
f u s e l a g e  d e s i g n  and w e i g h t  f o r  n o i s e  a t t e n -  
u a t i o n ,  a i r c r a f t  c o n f i g u r a t i o n s ,  d e s i g n  s t a g e  
l e n g t h s ,  m a i n t e n a n c e  c o s t s ,  e t c .  I n  a l l  cases, 
however, t h e r e  i s  a v e r y  s i g n i f i c a n t  improve- 
ment f o r  t h e  t u r b o p r o p  powered a i r c r a f t .  T h i s  
i s  e s p e c i a l l y  t r u e  a t  t h e  s h o r t e r  s t a g e  
l e n g t h s  making advanced  t u r b o p r o p s  l o o k  p a r -  
t i c u l a r l y  a t t r a c t i v e  f o r  t h e  shor t -and-  
medium-range m a r k e t s .  
ADVANCED DESIGN CONCEPTS 
Most of  t h e  a i r c r a f t  s t u d i e s  have  b e e n  
based  on e s t i m a t e d  p r o p u l s i v e  e f f i c i e n c y  from 
t h e  p r o p e l l e r  n e a r  79 .5% a t  Mach 0 .8 .  To 
a c h i e v e  t h i s  l e v e l  o f  p e r f o r m a n c e  w i t h  a n  ac- 
c e p t a b l e  c a b i n  n o i s e  l eve l ,  s e v e r a l  advanced 
aerodynamic  and  a c o u s t i c  c o n c e p t s  were eval- 
u a t e d  and u s e d  i n  d e s i g n i n g  t h e  p r e s e n t  wind 
t u n n e l  models .  These  c o n c e p t s  h a v e  been  d i s -  
c u s s e d  i n  p r e v i o u s  r e p o r t s  ( 1 , 2 , 3 5 - 3 7 )  and w i l l  
main ly  b e  summarized h e r e .  F i g u r e  3 s c h e m a t i -  
c a l l y  d e s c r i b e s  t h e s e  i m p o r t a n t  d e s i g n  c o n c e p t s  
f o r  h i g h  s p e e d  p r o p e l l e r  d e s i g n .  They i n c l u d e  
reduced  b l a d e  t h i c k n e s s  and t i p  sweep t o  mini-  
mize c o m p r e s s i b i l i t y  l o s s e s  i n  t h e  o u t b o a r d  
p a r t  o f  t h e  b l a d e s  and  t o  r e d u c e  c r u i s e  n o i s e ;  
t a i l o r e d  n a c e l l e  b l o c k a g e  and s p i n n e r  area- 
r u l i n g  t o  r e d u c e  b l a d e - t o - b l a d e  c h o k i n g  and  
o t h e r  c o m p r e s s i b i l i t y  l o s s e s  i n  t h e  b l a d e  r o o t  
r e g i o n ;  a n d ,  t h e  u s e  of  advanced  a i r f o i l  tech- 
n o i o g y .  To h o l d  p r o p e l l e r  d i a m e t e r  and w e i g h t  
t o  r e a s o n a b l e  v a l u e s  f o r  Mach 0.8 c r u i s e  above  
9 . 1 4 4  km (30 000 f t )  a l t i t u d e ,  power ( d i s k )  
l o a d i n g s  s e v e r a l  times h i g h e r  t h a n  c o n v e n t i o n a l  
d e s i g n  a r e  r e q u i r e d .  These h i g h  l o a d i n g s  then 
would r e q u i r e  i n c r e a s i n g  t h e  number o f  b l a d e s  
t o  a r o u n d  8 t c  10  t o  keep i d e a l  p r o p e l l e r  e f -  
f i c i e n c y  h i g h .  Advanced p r o p e l l e r l n a c e l l e  de- 
s i g n  i s  a h i g h l y  i n t e g r a t e d  p r o c e d u r e  and  i s  
*Numbers i n  p a r e n t h e s e s  d e s i g n a t e  R e f e r -  
e n c e s  a t  end o f  p a p e r .  
SAE P a p e r  So.  790373 J e r a c k i  
d e s c r i b e d  i n  d e t a i l  i n  K e l .  (C). :;n example 
of  t h i s  i n t e g r a t e d  p r o c e d u r e  i s  s i i o ~ n  i n  F i g .  
.i where  b l a d e  scieep, s p i n n e r  a r e a  r u l i n g  and 
n a c e l l e  b l o c k a g e  a r e  used  t o  minimize  com- 
p r s s s i b i l i  t y  l o s s e s  a c r o s s  t h e  coniTlete  b l a d e  
r a d i u s .  F a r  a s t r a i g h t  p r o p e l l e r  a t  t h e  d e s i g n  
c o n d i t i o n  o f  ?tach 0 .8  c r u i s e  and  2 d 3 . 8  m/sec 
(SO0 f t / s e c )  b l a d e  t i p  speed, a l l  s e c t i o n  rela- 
t i v e  ?tach numbers (curvci A )  a r e  above  t h e  d r a g  
d i v e r g e n c e  Xach number ( c u r v e  3) of t!ie pro-  
p e l l e r  w i t h  SACA 1 6 - s c i r i s s  a i r f o i l s  even  when 
t h i n  b l a d e  s e c t i o n s  a r e  u s e s .  Adding 30' o f  
siieep ( c u r v e  C )  b r i n g s  :he :-fach numbers near 
t h e  t i p  t o  v a l u e s  1o:jer t h a n  d r a g  d i v e r g e n c e  
l e v e l s .  A r e a - r d i n g  t i12 s ? l n n e r  and n a c e l l e  
b l o z k a g e  s u p p r e s s  t h e  l c c a l  Xacn numbers i n  
:he ~ I G ?  r s g i o r .  (c1Jrve I)). 2; o f  t h e  advanced  
a e r z a y n a - i c  and a c o u s  t i c  cor.cepzs t:ere i n -  
..,es:igat21 i n  t n e  i i i nd  t u n n e l  m d e l  program 
d i s c u s s e d  h e r s  w i t h  t h e  s x c e p r i o n  of  advanced 
a i r f o i l s .  Cnder c u r r e n t  XASA ?lax, t h i s  con- 
c e p t  xi11 b e  a d d r e s s e u  i- :?.e f i l t z r e .  
g s a l s ,  n c a r - f i e l d  soc~-;i- c o i s e  c a r g e t  l e v e l s  
were e s t a b i i s h e i  L O  kee; i ~ . c e r i o r  n Q i s e  l e v e l s  
c o m p e t i t i v e  x i t h  c u r r e n t  \;ice body a i r c r a f t  
and t o  n i n i m i z e  t h e  need  f c r  f u s e l a g e  t rea t -  
a e n t .  S i n c e  t h e  b l a d e  r e l a t i v e  t i?  Xach num- 
5 e r s  a r e  s l i g h t i y  s u p e r s o n i c  as  sho7.m i n  F i g .  
4 (?ITIp 2 1 . 1 4 )  t h e  i n i t i a l  a p p r s a c h  f o r  n o i s e  
r e d u c t i o n  was t o  add srceep and r e d u c e  t h e  
s f f e c t i v e  l o c a l  s e c t i o n  >:act nunber  t o  below 
t h e  s e c z i o n  c r i t i c a l  Yach n n x b e r .  The s h o c k  
s t r e n g t h  and t k e r e f o r e  t . . e  r e s u l t i 7 . g  p r e s s u r e  
; d j e  i s  t h e r e h y  r e d u c e d .  1;;;- 30' t i p  s v e e p  
b l r 3 e  6 e s i 3 n s  were  e x p s c i e d  :> b e  aonewhat  
; u i e z e r  f z r  t h i s  r e a s o r , .  .i more advanced con- 
c s ~ c  was i n z o r p o r a t e d  i n  a $ 5  t i p  sweep de- 
s i g n  iSX-3) u s i n g  t h e  l i - ea r  a c c u s c i c  a n a l y s i s  
of Xef. ( 3 8 ) .  .A h i s t o r i c a l  2evelo;ment o f  t h e  
z p ? i i c & : i o n  of  a c o u s t i c  t h e o r ; -  t o  advanced  
p r o p e l l e r  d e s i g n  i s  g i v e n  i r ,  R e f .  ( 39 ) .  The 
p r e s e n t  t h e o r y  p r e d i c c s  t h i c k n e s s  (due t o  b l a d e  
a i r f o i l  t h i c k n e s s  d i s t r i b u t i s n )  and l o a d i n g  
(due t o  p r e s s u r e  l o a d s  on t h 2  h l a d e  a i r f o i l )  
n o i s e  components  f rom e a c h  r a d i a l  s e c t i o n  o f  
t h e  b l a d e .  T h i c k n e s s  m i s e  i s  g e n e r a l l y  t h e  
dominant  n o i s e  s o u r c e  or, a p r o p e l l s r  o 2 e r a z i n g  
w i t h  a s l i g h t l y  s u p r s o n i c  ti? Zhch number. 
By p r o p e r l y  sweeping  t h e  b l a d e  ? i a z  form i t  i s  
p o s s i b l e  t o  r e d u c e  n e a r - i i e l 2  n o i s e  u s i n g  t h e  
?base i n t e r f e r e n c e  c o n c e p t  i l l u s t r a t e d  i n  
F i g .  5.  The n o i s e  f r o m  one T r o p e l l e r  b l a d e  i s  
1: & i d i t i o n  ti-,; ;7q7,.- - - I *  L A > -  .:..- i'c e f f i c i e n c y  
0 
t h e  v e c t o r  s u n  of t h e  c o n t r i b u t i o n s  o f  t h e  
s i n u s o i d a l  wave ( a m p l i t u d e  and  p h a s e  a n g l e )  
f rom e a c h  r a d i a l  s t r i p .  The n o i s e  of t h e  t o t a l  
p r o p e l l e r  i s  t h e  p r o d u c t  of t h e  v e c t o r  sum and 
t h e  number o f  b l a d e s .  Sweeping t h e  t i p  back 
c a u s e s  i t s  s i g n a l  t o  l a g  ( i n c r e a s e d  p h a s e  
a n g l e )  t h e  s i g n a l  f rom t h e  mid b l a d e  r e g i o n  
t h u s  c a u s i n g  p a r t i a l  i n t e r f e r e n c e  and a re- 
d u c t i o n  i n  n o i s e .  T h i s  p h a s e  i - n t e r f e r e n c e  con- 
c e  t was used  i n  t h e  a c o u s t i c  d e s i g n  o f  t h e  
45 swept  p r o p e l l e r  model (SR-3) t o  r e d u c e  t h e  
n e a r - f i e l d  c r u i s e  n o i s e .  T h i s  c o n c e p t  s h o u l d  
have  a p p l i c a t i o n  t o  b o t h  t h i c k n e s s  and l o a d i n g  
n o i s e  i n  t h e  n e a r  and f a r  f i e l d s .  
8 
YODEL DESIGN Ah3 TESTS 
I n i t i a l  d e s i g n  s t u d i e s  (36)  f o r  h i g h  
s p e e d  p r o p e l l e r s  were  b a s e d  on c o m p a r i s o n s  
w i t h  p r e s e n t  day t u r b o f a n  powered t r a n s p o r t s ,  
w i t h  t h e  r e q u i r e m e n t  t h a t  a i r p l a n e  s p e e d ,  c a b i n  
e n v i r o n m e n t ,  and a i r p l a n e  s a f e t y  n o t  b e  de- 
g r a d e d  w i t h  a n  advanced  f u e l  e f f i c i e n t  t u r b o -  
p r o p .  The d e s i g n  Ziach number o f  0 .8  and a l t i -  
t u d e  o v e r  9 . 1 4 4  km (30 000 f t )  w a s  e s t a b l i s h e d  
t o  a l l o w  t u r b o p r o p  powered a i r c r a f t  t o  mesh 
w i t h  t u r b o f a n  powered a i r c r a f t .  High p r o ? e l l e r  
power ( d i s k )  l o a d i n g  i s  r e q u i r e d  w i t h o u t  t h e  
s i z e  and w e i g h t  p e n a l t y  a s s o c i a t e d  w i t h  con- 
v e n t i o n a l  p r o p e l l e r  d e s i g n s  t o  a c h i e v e  t h e  
Mach 0 .8 ,  10 .668  km (35 000 f t )  d e s i g n  p o i n t .  
A l l  t h e  advanced  p r o p e l l e r  d e s i g n s  t h a t  were 
t e s t e d  had e i g h t  b l a d e s  w i t h  b l a d e  a c t i v i t y  
f a c t o r s  n e a r  200 ( e x c e p t  2 3 5  f o r  SR-3) t o  meet 
t h i s  h i g h  i o a d i n g  r e q u i r e m e n t .  I n  o r d e r  t o  
keep  t h e  a i r p l a n e  c a b i n  n o i s e  comparable  t o  
p r e s e n t  t u r b o f a n  ?owered a i r c r a f t ,  a n  aerody-  
namic - a c o u s t i c  compromise was r e a c h e d  i n  t h e  
i n i c i a l  p r o p e l l e r  d e s i g n s  which  a l l o x e d  t h e  
r e l a t i v e  t i p  Xach number t o  b e  s l i g h t l y  s u p e r -  
s o n i c  ( a p p r o x .  ZIach l.l+). The d e s i g n  param- 
e ters  f o r  t h e  f o u r  model p r o p e i l e r s  t h a t  were 
t e s t e d  are shown in F i g .  6 a i o n g  w i t h  t h e  ?re- 
d i c t e d  d e s i g n  poiAt  e f f i c i e n c i e s  f rom t h e  nech-  
od of Ref .  (i). Also ,  t h e  ? r e a i c t e d  c r u i s e  
n o i s e  u s i n g  t h e  a c s u s t i c  a n a l y s i s  o f  2 e f .  (39) 
a t  :Ligb,t c z r . l % t i x s  a x  L dis----- Ld'.Ld si 2 . 3  3,s- 
2el;e: l i a r r , s t c r s  ~ Z G T .  L-.z c;? :a >.-.>.c.. 
.is :as 5, s e ? ~ ,  t;? sp rec ,  20 
and b l a d e  cumber f o r  a l l  f o u r  c e s i g s  wzre t h e  
same, t h e r e f o r e  i l e a l  e f f i c i e n c y  was t h e  saine 
f o r  a l l  o f  t h e  d e s i g n s .  A l l  d e s i g n s  ixad t h i n  
a i r f o i l s  w i t h  wide c h o r d s  and had t w i s t  and 
- _  
camber d i s t r i b u t i o n s  which  were  b a s e d  on  t h e  
p r o p e l l e r  o p e r a t i n g  i n  t h e  f l o w  f i e l d  a r o u n d  
a s p e c i f i c  s p i n n e r  and  n a c e l l e .  C o n f i g u r a t i o n  
SR-2 w a s  a s t r a i g h t  b l a d e  which  w a s  d e s i g n e d  
and t e s t e d  w i t h  a n  a r e a - r u l e d  s p i n n e r  (AR-2). 
SR-1 had 30 o f  t i p  sweep and w a s  d e s i g n e d  and 
t e s t e d  v i t h  a c o n i c  s p i n n e r  (C-1). SR-lm was 
a m o d i f i c a t i o n  o f  t h e  SR-1 d e s i g n  w i t h  h i g h e r  
l o a d i n g  n e a r  t h e  t i p .  A s  s h o w  i n  F i g .  7 ,  
t h i s  w a s  a c c o m p l i s h e d  b y  r e d u c i n g  t h e  t w i s t  
and i n c r e a s i n g  t h e  c a n b e r  n e a r  t h e  t i p  com- 
p a r e d  t o  SR-1. SR-lm was t e s t e d  w i t h  b o t h  t h e  
c o n i c a l  and a r e a - r u l e d  s p i n n e r s .  SR-3 had 45’ 
o f  t i p  sweep and w a s  t h e  most advanced  d e s i g n  
s o  f a r .  The a c o u s t i c  p h a s e  i n t e r f e r e n c e  con- 
c e p t  d i s c u s s e d  e a r l i e r  w a s  u s e d  i n  t h e  d e s i g n  
o f  t h e  p l a n  form s h a p e  ( c h o r d  and sweep) .  SR-3 
was p r e d i c t e d  t o  have  a n o i s e  l e v e l  a b o u t  6 dB 
below t h e  s t r a i g h t  b l a d e d  SR-2 d e s i g n .  SR-3 
w a s  d e s i g n e d  and t e s t e d  w i t h  a n  a r e a - r u l e d  
s p i n n e r  (AR-3). A s  shown i n  F i g .  6 ,  t h e  p r e -  
d i c t e d  d e s i g n  p o i n t  e f f i c i e n c y  i n c r e a s e d  as 
t h e  amount o f  sweep was i n c r e a s e d .  The b l a d e  
geometry  c h a r a c t e r i s t i c s  f o r  a l l  f o u r  b l a d e  
d e s i g n s  a re  shown i n  F i g .  7 .  A i r f o i l  s e c t i o n s  
f o r  t h e  b l a d e  d e s i g n s  ;.:ere NACX s e r i e s - 1 6  f rom 
t h e  t i p  t o  t h e  53% r a d i u s  (454 f o r  SR-1) and 
XACA series 65 w i t h  c i r c u l a r  a rc  mean l i n e  
(3AC.A a = l mean l i n e  f o r  SR-1) f rom t h e  37% 
r a d i u s  t o  t h e  r o o t  w i t h  a t r a n s i t i o n  f a i r i n g  
b e t w e e n .  
A t  t h e i r  d e s i g n  a d v a n c e  r a t i o  (J = 3.06) 
and power c o e f f i c i e n t  ( C p  = 1 . 7 )  t h e  p r e d i c t e d  
e f f i c i e n c i e s  a r e  p r e s e n t e d  i n  F i g .  8 a t  f r e e -  
stream ?lach numbers f roin 0 . 6  t o  0.85. F o r  
r e f e r e n c e  t h e  i d e a l  e f f i c i e n c y  leve l  (85.1%) 
i s  shown which  w a s  b a s e d  on a n  optimum b l a d e  
l o a d i n g  w i t h  z e r o  b l a d e  d r a g .  The p r e d i c t e d  
e f f i c i e n c i e s  were a l l  h i g h  a t  low Mach num- 
b e z s  w i t h  t h e  45’ sweep SR-3  p r o p e l l e r  and t h e  
30 sweep SR-lm p r o p e l l e r  j u s t  a b o u t  1% above  
t h e  30’ sweep SR-1 and  0’ sweep SR-2 p r o p e l l -  
ers.  S i g n i f i c a n t  d i f f e r e n c e s  a s s o c i a t e d  w i t h  
sweep a p p e a r e d  above  Mach 0 . 7 .  The 30’ swept  
c o n f i g u r a t i o n s  showed a b o u t  a 2 %  improvement  
compared t o  t h e  s t r a i g h t  SR-2 p r o p e l l e r .  The 
45’ sweep SR-3 p r o p e l l e r  showed even h i g h e r  
p e r f o r m a n c e  and  t h e  p r e d i c t e d  e f f i c i e n c y  re- 
mained above  80% o u t  t o  Mach 0.85. 
The 6 2 . 2  cm ( 2 4 . 5  i n . )  d i a m e t e r  p r o p e l l e r  
models  were a l l  t e s t e d  i n  t h e  XASA L e w i s  8-by-6 
f o o t  wind t u n n e l  ( 4 0 )  on  t h e  1000 hp p r o p e l l e r  
t e s t  r i g  ( P T R ) .  F i g u r e  9 s h o u s  t h e  45O swept  
SR-3 model i n s t a l l e d  or, t h e  PTR. A cutaway 
0 
drawing  oL t!ie PTR i s  shown i n  F i g .  1 0 .  The 
p r o p e l l e r  models  were  d r i v e n  by a t h r e e  s t a g e  
a i r  t u r b i n e  u s i n g  a 3 . 1 0 3 ~ 1 0  N/m (450 p s i )  
c o n t i n u o u s  f l o w  a i r  s u p p l y  s y s t e m .  F o r c e s  on 
t h e  p r o p e l l e r  and s p i n n e r s  were measured u s i n g  
two s e p a r a t e  s y s t e m s .  A l o a d  c e l l  l o c a t e d  I n  
t h e  v e r t i c a l  s t r u t  was u s e d  t o  measure  ax ia l  
f o r c e .  A r o t a t i n g  b a l a n c e  l o c a t e d  j u s t  a f t  of 
t h e  s p i n n e r  measured  b o t h  t h r u s t  and t o r q u e .  
N a c e l l e  f o r c e s  were d e t e r m i n e d  f r o m  p r e s s u r e  
i n t e g r a t i o n .  
The wind t u n n e l  tes ts  were c o n d u c t e d  a t  
z e r o  model i n c i d e n c e  t o  t h e  f r e e - s t r e a m  f l o w .  
The b l a d e  a n g l e  measured  a t  314 p r o p e l l e r  
r a d i u s  (B3/4)  was se t  a t  v a r i o u s  a n g l e s  and 
d a t a  were t a k e n  o v e r  a r a n g e  i n  Mach number 
f rom 0.6 t o  0.85. 
6 2  
AERODYNAMIC TEST RESULTS 
The wind t u n n e l  p e r f o r m a n c e  d a t a  i n  t h i s  
p a p e r  are p r e s e n t e d  i n  terms o f  p r o p e l l e r  n e t  
e f f i c i e n c y .  That  i s ,  t h e  p r o p u l s i v e  e f f i c i e n c y  
of  t h e  p r o p e l l e r  b l a d e s  a l o n e ,  a f t e r  c o r r e c t i n g  
f o r  i s o l a t e d  s p i n n e r  d r a g  and t h e  buoyancy i n -  
t e r a c t i o n  f o r c e  f r o m  t h e  n e a r b y  nacel le .  The 
buoyancy c o r r e c t i o n  f o r c e  was d e t e r m i n e d  u s i n g  
t h e  method o f  R e f s .  ( 4 1 )  t o  ( 4 3 ) .  Net e f f i -  
c i e n c y  (‘INET) and power c o e f f i c i e n t  (Cp) p l o t s  
a t  Mach 0 . 6  and 0 .8  a re  p r e s e n t e d  i n  Fig. 11 
f o r  SR-3. The c o e f f i c i e n t s  were b a s e d  on a 
r e f e r e n c e  p r o p e l l e r  d i a m e t e r  o f  6 2 . 2  c m  (24.5 
i n . )  which  w a s  t h e  a c t u a l  d i a m e t e r  w i t h  the 
b l a d e s  i n  t h e  a p p r o x i m a t e  f e a t h e r  p o s i t i o n .  
For  t h e  s w e p t  models  t h e  d i a m e t e r  a t  c r u i s e  
b l a d e  a n g l e s  was s l i g h t l y  l a r g e r  t h a n  t h i s .  
The p r o p e l l e r  d i a m e t e r  c h a n g e s  w i t h  b l a d e  a n g l e  
s e t t i n g  d u e  t o  the b l a d e  sweep.  
p r o p e l l e r s  were o p e r a t e d  a t  a number o f  power 
l e v e l s  t o  o b t a i n  t h e  v a r i a t i o n  o f  n e t  e f f i -  
c i e n c y  and power c o e f f i c i e n t  w i t h  advan  e r a t i o  
b e  w r i t t e n  i n  terms o f  p r o p e l l e r  c o e f f i c i e n t s  
and f r e e - s t r e a m  c o n d i t i o n s  a s :  
A t  e a c h  b l a d e  a n g l e  and Mach number t h e  
shown i n  F i g .  11. Power l o a d i n g  (SHP/D 5 ) c a n  
From t h i s  r e l a t i o n s h i p  l i n e s  o f  c o n s t a n t  power 
l o a d i n g  have b e e n  added t o  F i g .  11 as ercent- 
(= 0.05933) d e t e r m i n e d  a t  t h e  d e s i g n  o p e r a t i n g  
a g e s  o f  d e s i g n  l o a d i n g  p a r a m e t e r  Cp/J 5 
J e r a c k i  
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c o n d i t i o n s  o f  J = 3.06 and  Cp = 1 . 7 .  Per -  
formance a t  c o n s t a n t  power l o a d i n g  were p l o t t e d  
f r o n  t h e s e  b a s i c  d a t a  c u r v e s .  The e f f e c t  o f  
p a r e r  l o a d i n g  and  a d v a n c e  r a t i o  on n e t  e f f i -  
c i e z c y  a t  ?lac:'- 0 . 6  and 0 . 8  is  shown i n  F i g s .  
1 2  2nd 1 3 ,  r e s ? e c t i v e l y .  Each p r o p e l l e r /  
s p i n n e r  c o x b i n a t i o n  t n a r  was t e s t e d  i s  pre- 
sen:ed as  a s e p a r a t e  ? l o t .  T:;pical v a r i a t i o n  
of  e f f i c i e n c y  w i t h  a d v a n c e  r a t i o  a t  a c o n s t a n t  
power l o a d i n g  i s  a. peaked c . x v e .  The r e d u c t i o n  
from t h e  peak  w i t h  i n c r e a s i n g  a d v a n c e  r a t i o  i s  
due t o  a c o m b i n a t i o n  o f  l o w e r  i d e a l  e f f i c i e n -  
c i e s  due t o  i n c r e a s e d  swirl 2nd l o w e r  b l a d e  
s e c t i o n a l  l i f t  t o  d r a g  r a t i o s  ( f r o n  i n c r e a s i n g  
l o c a l  a n g l e s  o f  a t t a c k ) .  The f a l l - o f f  w i t h  
d e c r e a s i 2 g  a d v a n c e  r a t i o  i s  due t o  i n c r e a s e d  
c o n ? r e s s i b i l i t y  l o s s e s  z s s c c l a t e d  w i t h  t h e  
j i g h e r  t i p  r o t a t i o n a l  s p e e d s  a n d / o r  a g a i n  l o w e r  
b l a d e  s e c t i o n a l  l i f t  ts d r a g  r a t i s s  ( f rom de- 
c r e a s i n g  l o c a l  a n g l e s  o f  a r z a c k ) .  
a d v a n c e  r a t i o s  a p p e a r e d  y o r e  s e v e r e  f o r  t h e  
s t r a i g h t  SR-2 n o d e l  t h a n  f o r  t h e  swept  c o n f i g -  
u r a t i o n s  C o s t  l i k e l y  ind ica : ing  e a r l i e r  o n s e t  
of c o x p r e s s i b i l i t y  losses iz the b l a d e  t i p  re- 
gior,.  Z.t botb. Xach 0 . 6  an?  0.8 SII-lm a p p e a r -  
ed t o  have  l e s s  ?er for - .ancs  Loss a t  t h e  h i g h  
advance  r a t i o s  t h a n  Sil-1 w:?ich a a y  b e  due  t o  a 
n o r e  o?timurn twist ar.2 cainjer d i s t r i b u t i o n .  
A d d i t i o n  o f  t h e  a r e a - r u l e d  s ? i n n e r  t o  t h e  SR-lm 
model i n p r o v e d  t h e  p e r f o r m a n c e  a t  Xach 0 . 8  
from icw t o  h i g h  a d v a n c e  r a r i o s  i n d i c a t i n g  a 
2 o s s i b i e  r e d u c t i o n  i n  losses i n  t h ?  b l a d e  r o o t  
r e g i d ? .  ;he L5L swe?-, model (SR-3) which had 
271 a r z a - r u l e d  s ? i n n e r  a p p e a r e d  t o  g e t  most o f  
ICS ? e r f s r m a n c e  b e n e f i t  a t  low ad:.ance r a t i o s ,  
whm c o n p a r e d  t o  t h e  j e s t  3C' swept  model 
(SR- la )  r;ith t n e  a r e a - r u l e d  s p i n n s r .  T h i s  i n -  
d i c a t e s  b e n e f i t  f r o m  t h e  i n c r e a s e 3  sweep i n  
r e d u c i n g  o n s e t  of c o c p r e s s i k i l i t y  l o s s e s  a t  
t h e  b l a d e  t i p s .  
;n g e n e r a l  t h e  e f f e c t  of r e d u c e d  power 
l o a d i n g  I J ~ S  a n  improvement  i n  p e r f o r m a n c e .  
Iiowever, t h e  a i r c r a f t  t r a d e o f f  t h a t  o c c u r s  i s  
i n c r e a s e d  p r s p e l l e r  s i z e  w h L ~ h  c a n  a f f e c t  t h e  
o v e r a l l  a i r p l a n s  d e s i g n  and ;nay c a u s e  i n -  
c r e a s e d  w e i g h t  and  c o s t  p e n a i t i e s .  The in- 
c r e a s e d  p e r f o r m a n c e  may more t h a n  make up f o r  
t h i s  p e x a i t y ,  b u t  t h i s  w i l l  depend on t h e  
s p e c i f i c  a p p l i c a t i o n .  A t h o r o u g h  a i r p l a n e  m i s -  
s i o n  a n a l y s i s  s t u d y  c a n  d e t e r m i n e  t h e  d e s i r a -  
b i l i t y  o f  m o d i f y i n g  t h e  p r o p e l l e r  " d e s i g n  
F o i n t "  t o  o p t i m i z e  t h e  o v e r a l l  p e r f o r m a n c e .  
A t  :.iach G . 8  t h e  2 e r f o r r n c e  d r o p  a t  low 
Per formance  a t  t h e  100% power l o a d i n g  and 
d e s i g n  a d v a n c e  r a t i o  o f  3 .06 were o b t a i n e d  from 
t h e  c r o s s p l o t s  i n  F i g s .  1 2  and  13, and a l s o  a t  
o t h e r  Xach numbers f r o m  s i m i l a r  c r o s s p l o t s .  A 
d e s i g n  l o a d i n g  p e r f o r m a n c e  summary of measured  
n e t  e f f i c i e n c y  o v e r  t h e  Mach number r a n g e  from 
0 . 6  t o  0 .85  i s  p r e s e n t e d  in F i g .  1 4 .  Comparing 
t h e  c o n f i g u r a t i o n s  a t  Mach 0 . 8  i n d i c a t e s  t h a t  
e a c h  s t e p  i n  d e s i g n  improvement d i d  y i e l d  a n  
improvement i n  e f f i c i e n c y  t h a t  a p p r o a c h e d  t h e  
s t u d y  v a l u e s  used  i n  f u e l  e f f i c i e n c y  compari-  
s o n s  be tween t u r b o p r o p  and  t u r b o f a n  powered 
a i r c r a f t .  
y i e l d e d  a b o u t  1% improvement  ( 77%) o v e r  t h e  
s t r a i g h t  SR-2 b l a d e  e f f i c i e n c y  o f  75 .8%.  Add- 
i n g  t h e  a r e a - r u l e d  s p i n n e r  t o  SR-lm improved 
i t s  p e r f o r m a n c e  a b o u t  a n  a d d i t i o n a l  p e r c g n t  
t o  n e a r  78%. The SR-3 model w i t h  i t s  45  o f  
sweep and a r e a - r u l e d  s p i n n e r  had  t h e  h i g h e s t  
p e r f o r m a n c e  (78 .7%)  a t  t h e  d e s i g n  Mach number 
of 0 . 8  and had s i g n i f i c a n t  b e n e f i t  o u t  t o  
Nach 0 .85 .  The improvement  o v e r  t h e  SR-2 (0' 
sweep)  c o n f i g u r a t i o n  w a s  a b o u t  3% a t  d e s i g n .  
A t  Mach 0 . 6  and  0 .7  t h e  SR-lm (30' sweep)  and  
SR-3 (45' sweep)  c o n f i g u r a t i o n s  had  n e a r l y  
t h e  same e f f i c i e n c y  of  a b o u t  81%. These  re- 
s u l t s  are  q u i t e  e n c o u r a g i n g  and f u t u r e  models  
w i t h  1 0  b l a d e s  and lower power l o a d i n g  s h o u l d  
have  even  h i g h e r  p e r f o r m a n c e .  
The 30' sweep o f  SR-1 and SR-lrn 
ACOUSTIC TEST RESULTS 
I n  a d d i t i o n  t o  t h e  p e r f o r m a n c e  d a t a ,  
a c o u s t i c  measurements  were a l s o  made i n  t h e  
Lewis  8-by-6- foot  wind t u n n e l  on the f o l l o w -  
i n g  models :  SR-2 (0 sweep), SR-lm (30' 
swegp) w i t h  t h e  z o n i c a l  s p i n n e r ,  and SR-3 
(45 s w e e p ) .  These  d a t a  were o b t a i n e d  f rom 
s i x  wal l -and-ce i l ing-mounted  p r e s s u r e  trans- 
d u c e r s  as  shown i n  F i g .  15 .  Xeasurements  
w e r e  made w i t h  t i e  p r o p e l l e r s  o p e r a t i n g  a t  
n e a r - d e s i g n  c o n d i t i o n  o v e r  t h e  Mach number 
r a n g e  from 0 . 6  t o  0 . 8 5 ,  and  a l s o  a t  f e a t h e r  
c o n d i t i o n s  f o r  t h e  SR-3 model .  Though t h e  
porous-wal led  t u n n e l  d o e s  n o t  have  a c o u s t i c  
damping mater ia l  on  any  o f  i t s  wal ls  and ab-  
s o l u t e  n o i s e  l e v e l s  may b e  s u b j e c t  t o  ques-  
t i o n  b e c a u s e  o f  r e f l e c t i o n s ,  t h e  d a t a  ob- 
t a i n e d  i n d i c a t e d  t h a t  i n f o r m t i o n  a b o u t  t h e  
n o i s e  d i f f e r e n c e s  among t h e  t!iree p r o p e l l e r s  
w a s  u s a b l e .  
w i t h  a bandwi6th  o f  a p p r o x i m a t e l y  26  Hz, a r e  
0 
Xarrow band a n a l y s i s  f rom 0 t o  10  000 Hz, 
p r e s e n t e d  i n  F i g .  1 6  compar ing  SR-3 (45' 
sweep)  a t  c r u i s e  and f e a t h e r  c o n d i t i o n s  f o r  a 
c e i l i n g - m o u n t e d  t r a n s d u c e r  s l i g h t l y  downstream 
o f  t h e  p r o p e l l e r  p l a n e .  The p r o p e l l e r  b l a d e  
p a s s a g e  t o n e  and harmonics  a r e  v i s i b l e  above 
t h e  background l e v e l  ( b l a d e  a t  f e a t h e r )  i n -  
d i c a t i n g  t h a t  t u n n e l  background n o i s e  was n o t  
a prcblem i n  comparing r e l a t i v e  t o n e  l e v e l s .  
Though i t  i s  n o t  p o s s i b l e  t o  prove  c o n c l u -  
s i v e l y  t h a t  t h e  t u n n e l  n o i s e  d a t a  a r e  f r e e  
J f  r e f l e c t i o n  c a u s e d  e r r o r s ,  t h e r e  a re  i n d i -  
c a t i o n s  t h a t  t h e  problem v a s  n o t  s e v e r e .  
T h e r e  was s i g n i f i c a n t  d i r e c t i v i t y  i n d i c a t e d  
by t!-,e c e i l i n g  p r e s s u r e s  f u r t h e r  documented i n  
R e f .  ( i s ) .  Data  f rom t h e  s i d e v a l l  t r a n s d u c e r s  
a l s o  i n d i c a t e d  a r e d u c t i o n  i n  n o i s e  l eve l  w i t h  
d i s t a n c e .  D i r e c t i v i t y  and n o i s e  f a l l o f f  w i t h  
d i s t a n c e  i n d i c a t e  t h a t  t h e  t u n n e l  r e f l e c t i o n s  
d 3  23 t  everywnere  dominate  d i r e c t  i n c i d e n t  
n o i s e  s i g n a l s .  I t  ma); be  t h a t  t h e  t u n n e l  
b l e e d  h o l e s  and h i g h  t u n n e l  - :e loci ty  d i d  n o t  
a l l o t ;  t h e  b u i l d u p  of  a h i g h  r e v e r b e r a n t  l e v e l .  
These  o b s e r v a t i o n s  i n d i c a t e  t h a t  a t  l eas t  
r e l a t i v e  t o n e  l e v e l  c o n 7 a r i s o n s  be tween b l a d e  
d e s i g n s  are  good. 
.A compar ison  o f  measured n o i s e  r e d u c t i o n  
r e f e r e n c e d  t o  SR-2 (0' sweep)  i s  g i v e n  i n  
F i g ,  1 7  f rom t r a n s d c c e r  p c s i r i o n  3 .  S R - l m  
(30' sweep)  i s  s e e n  t o  have  been  s l i g h t l y  
q u i e t z r  t h a n  SR-2. The aerodynamic  sweep of  
SR-lm was e x p e c t e d  t o  r e d u c e  t h e  n o i s e  l e v e l  
somewiiat due  t o  l o w e r  s t r e n g t k  shogk '.caves on 
t h e  30 swept  b l a d e  t i p .  SR-3 (45 sweep) w a s  
a b o u t  5 t o  6 dB q u i e t e r  t h a n  SR-2 a t  t h e  b l a d e  
p a s s a g e  t o n e .  T h i s  s i g n i f i c a n t  n o i s e  reduc-  
t i o n  was i n  good agreement  w i t h  t h e  p r e d i c t e d  
v a l u e  f rom t h e  a c o u s t i c  a n a l y s i s  program 
( F i g .  6 ) ,  where  a p h a s e  i n t e r f e r e n c e  c o n c e p t  
w a s  u s e d  t o  a c o u s t i c a l l ; ;  d e s i g n  SR-3. 
0 
FUT!'RZ PLANS 
The advanced t u r b o p r o p  p r o j e c t  h a s  been  
f o c u s e d  on t h e  t e c h n o l o g y  n e e d s  o f  f u t u r e  ad-  
vanced  c o n m e r c i a l  a i r c r a f t .  However, t h e  en- 
c s u r a g i n g  p r o p e l l e r  p e r f o r m a n c e  and  n o i s e  re- 
s u l t s  p r e s e n t e d  i n  t h i s  p a p e r  s h o u l d  have  ap-  
p l i c a t i o n  t o  b u s i n e s s  a i r c r a f t  e s p e c i a l l y  
t h o s e  i n  t h e  h i g h e r  p e r f o r m a n c e  c a t e g o r i e s .  
F u t u r e  NASA p l a n s  f o r  t h i s  p r o j e c t  i n c l u d e  
t e s t i n g  o f  f o u r  a d d i t i o n a l  p r o p e l l e r  m o d e l s  
t h a t  w i l l  e v a l u a t e  t h e  f o l l o w i n g  advanced  
f e a c u r e s :  i n c r e a s e d  b l a d e  number, a e r o a c o u s t i c  
a i r f o i l s ,  l o w e r  power l o a d i n g  and  a l ternate  
d e s i g n  c o n d i t i o n s ,  and i n c r e a s e d  sweep.  Sev- 
e r a l  advanced  p r o p e l l e r  aerodynamic  a n d  
a c o u s t i c  a n a l y s i s  programs have  r e c e n t l y  b e e n  
d e v e l o p e d  o r  are u n d e r  deve lopment  t h a t  s h o u l d  
enhance  t h e  d e s i g n  of  t h e s e  new m o d e l s .  These 
programs i n c l u d e :  a n  i n t e g r a t e d  p r o p e l l e r /  
n a c e l l e  a n a l y s i s  f o r  s i n g l e  and d u a l  r o t a t i o n  
p r o p e l l e r s ,  a t h r e e  d i m e n s i o n a l  t r a n s o n i c  l i f t -  
i n g  s u r f a c e  a n a l y s i s ,  and  a f r e q u e n c y  domain 
a c o u s t i c  a n a l y s i s  w i t h  n o n l i n e a r  q u a d r u p o l e  
n o i s e  s o u r c e s  ( 3 9 ) .  I n  a d d i t i o n  t o  t h e  p l a n n e d  
work i n  a e r o d y n a m i c s  and a c o u s t i c s ,  t h e  Ad- 
vanced  Turboprop  P r o j e c t  w i l l  a d d r e s s  ad-  
vanced  t e c h n o l o g y  i n  p r o p e l l e r  a e r o e l a s t i c s ,  
b l a d e  s t r u c t u r e s  and f a b r i c a t i o n  t e c h n i q u e s .  
The advanced  p r o p e l l e r  t e c h n o l o g y  work u n d e r  
t h i s  p r o j e c t  c a n  b e  e x t e n d e d  t o  l o w e r  s p e e d  
g e n e r a l  a v i a t i o n  a i r c r a f t .  Work p r e s e n t l y  
underway a t  NASA and i n c l u d e d  i n  p l a n s  f o r  a 
program c a l l e d  GAP, f o r  G e n e r a l  A v i a t i o n  
P r o p e l l e r  t e c h n o l o g y ,  t reats  p e r f o r m a n c e ,  
n o i s e ,  a e r o e l a s t i c s ,  and  c o m p o s i t e  s t r u c t u r e s  
i n  t h i s  l o w e r  s p e e d  r a n g e .  
CONCLUDING REMARKS 
F o r  t h e  advanced t u r b o p r o p  t o  b e  compet i -  
t i v e  w i t h  p r o p o s e d  advanced  t u r b o f a n  powered 
a i r c r a f t ,  i t  must have  h i g h  p r o p u l s i v e  e f f i -  
c i e n c y  a t  Mach 0 .8  c r u i s e  above  9 . 1 4 4  km 
(30 000 f t )  a l t i t u d e  w i t h  a n  a c c e p t a b l e  c a b i n  
n o i s e  e n v i r o n m e n t .  T h i s  g o a l  r e q u i r e s  t h e  
i n c o r p o r a t i o n  of  severa l  advanced  a e r o d y n a m i c  
and a c o u s t i c  c o n c e p t s .  The p r o p e l l e r  n e e d s  
t o  b e  d e s i g n e d  i n t e g r a l l y  w i t h  t h e  l o c a l  
n a c e l l e  f l o w  f i e l d  and t a k e  a d v a n t a g e  o f  a l l  
t h e  a e r o d y n a m i c  s u p p r e s s i o n  p o s s i b l e  t o  over -  
come t h e  i n h e r e n t  c o m p r e s s i b i l i t y  l o s s e s  a t  
t h e s e  h i g h  c r u i s e  s p e e d s .  Four  8-b laded  pro-  
p e l l e r  models  were d e s i g n e d  employing  v a r i o u s  
c o n c e p t s  t o  r e d u c e  c o m p r e s s i b i l i t y  losses. 
R e s u l t s  f rom t h e  wind t u n n e l  t es t s  were en- 
c o u r a g i n g .  Each d e s i g n  c o n c e p t  a p p e a r e d  t o  
g i v e  some p e r f o r m a n c e  b e n e f i t .  The aero- 
a c o u s t i c a l l y  d e s i g n e d  c o n f i g u r a t i o n  (SR-3) 
w i t h  45' o f  t i p  sweep and a n  a r e a - r u l e d  s p i n -  
n e r  y i e l d e d  t h e  h i g h e s t  p r o p u l s i v e  e f f i c i e n c y  
(78 .7% a t  Mach 0 .8 ,  3.06 a d v a n c e  r a t i o ,  and 
1 . 7  power c o e f f i c i e n t ) ,  w i t h  a n  improvement  
o f  a p p r o x i m a t e l y  3% o v e r  t h e  s t r a i g h t  b l a d e d  
c o n f i g u r a t i o n  (SR-2).  The p h a s e - i n t e r f e r e n c e ,  
c o n c e p t  f o r  n o i s e  r e d u c t i o n  u s e d  i n  SR-3 
J e r a c k i  
5 
y i e l d e d  a b o u t  5 t o  6 dB r e d u c t i o n  compared t o  dCT/d( r /R)  
SR-2. Advanced a e r o d y n a m i c  and a c o u s t i c  de- 
sign t e c h n i q u e s  have  improved p r o p e l l e r  per -  
formance  s i g n i f i c a n t l y  f o r  h i g h  speed a p p l i -  
vanced  a i r f o i l s ,  i n c r e a s e d  sweep,  l a r g e r  b l a d e  
number,  and l o w e r  t i p  s p e e d s  and power l o a d -  LH 
ir?gs cap b e  e x p e c t e d  t o  make f u r t h e r  p r o g r e s s  
i n  t h i s  i m p o r t a n t  area o f  T o r e  e n e r g y -  
c a t i o n s .  Cont inued  r e f i n e m e n t  i n c l u d i n g  ad- J 
e f f i c i e n t  p r o p u l s i o n  s y s t e m s .  LV 
SY?!BOLS 
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CP 
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'Li  
c -  
3 
DOC 
'REF 
dB 
dCp!d (r!R) 
M 
n o i s e  a m p l i t u d e  
e 1' 
b l a d e  a c t i v i t : ;  f a c t o r  = 
a s p e c t  r a t i o  
e l e m e n t a l  b l a d e  c h o r d ,  (:in ( i n . )  
power c o e f f i c i e n t  = ? / c  n D 3 5  
o XEF 
e l e m e n t a l  b l a d e  d e s i g n  l i f t  c o e f f i -  
c i e n t  
i - n t e g r a t e d  d e s i g n  l i f t  c o e f f i c i e n t  
2 4  
o REF t::rust c J e f f i i i e n t  = n i~ 
b l a d e  t i p  d i a x e t e r ,  cn ( i n . )  
d i r e c t  o p e r a t i n g  c o s t  
r e f e r e n c e  b l a d e  t i p  d i a m e t e r  = 6 2 . 2  
cm (2A.5!12 f t )  
d e c i b e l  
e l e m e n t a l  p o k e r  c o e f f i c i e n t  
p p  = [dCp/d(r/R)] d(r /R)]  
P 
PTR 
R 
r 
S H P  
SR 
T 
t 
1: 
vO 
"TIP 
2 
P 3 / 4  
i3 
elemental  t h r u s t  c o e f f i c i e n t  
[cT = [(dCT/d (r/R)) d k/N] 
VO/nDREF a d v a n c e  r a t i o ,  
h o r i z o n t a l  d i s t a n c e  f rom PTR c e n t e r -  
l i n e ,  cm ( i n . )  
v e r t i c a l  d i s t a n c e  from PTR c e n t e r -  
l i n e ,  c m  ( i n . )  
Mach number 
l o c a l  Mach number 
f r e e - s t r e a m  Xach number 
r o t a t i o n a l  s p e e d ,  r e v o l u t i o n s  p e r  
s e c o n d  
power,  kW ( f t - l b / s e c )  
p r o p e l l e r  t e s t  r i g  
b l a d e  t i p  r a d i u s ,  c m  ( i n . )  
r a d i u s ,  c m  ( i n . )  
s h a f t  power ,  kW (hp)  
s i n g l e  r o t a t i o n  
t h r u s t ,  newtons  ( l b )  
e l e r c e n t a l  b l a d e  t h i c k n e s s ,  cm (in.) 
l o c a l  v e l o c i t y ,  m/sec ( f t / s e c )  
f r e e - s t r e a m  velocity, m/sec ( f t / s e c >  
b l a d e  r o t a t i o n a l  t i p  v e l o c i t y ,  m/sac 
( f  t / s e c )  
a x i a l  d i s t a n c e  f rom p r o p e l l e r  p l a n e  
of r o t a t i o n ,  cm ( i n . )  
b l a d e  a n g l e  a t  7 5 t  r a d i u s ,  deg  
e f f e c t i v e  b l a d e  t w i s t ,  deg 
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APP 
v. 
' i  
'net 
apparent efficiency = (TApp ' LrUj/P 
ideal propulsive efficiency = 
* V ) / P  (excludes (Tideal .o 
blade profile drag and compres- 
sibility losses) 
net efficiency = (Tnet * vo)/ l '  
nominal a n g l e  of pressure trans- 
ducer position from propeller, 
deg 
free-s:rean density, kglm 
3 (slugs/f t3) 
phase angle 
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